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HIGH COMPRESSOR €TU3SSTJRZ MI0 AM> LOW COMPRESSOR-TIP SPEED 

By Elmer H. Davison,  Donald A. Petrash,  and Harold J. Schum 

4 As part of a general  study of obtahing high work  output at low 
blade  speeds TJith multistage  turbines, a two-stage  turbine with a down- 
stream  stator was experhentally investigated. High Mach nmbers, high 
taming angles, low static-pressure drops across  blade  rows,  and  large 
tangential  cmponents of velocity  at the exit of the  second  rotor  made 
t h i s  a critical turbine design. A damstreram stator was qloyed to re- 
cover  the  energy of the  tangential  velocity at the exit of the  second 
rotor. 

- 

The  turbine  passed 0.98 of the equivalent  design  weight flow at 
equivalent  design  speed md work.  The  brake internal efficiency at t h i s  
point was 0.81 and occurred  at a rating  pressure  ratio of 3.8. A maxi- 
mum efficiency of 0 -85 occurred  at 130 percent of equivalent  design 
speed  and a work  output of 36.5 Btu per pound,  corresponding  to a rating 
pressure  ratio of approximately 4.4. 

The  downstream  stator  left  very  little  energy in the form of tan- 
gential  velocity in the gas at any operating  condition. At equivalent 
design  work  and  speed, the downstream  stator  recovered 0.78 of the 
energy of the  tangential  velocity  entering  the  stator. The energy of 
W s  tangential  velocity  amounted  to 4.8 points in turbine  efficiency. 

IRI'RODUCPIOR 

4 The NACA Lewis laboratory  is  currently  conducting a general  study 
of highAwork-output,  low-speed,  multistage  turbines. As part of t h i s  
study,  the  design  requirements o f  turbines  to  drive a particular  single- 
spool,  high-pressure  ratio,  low-blade-tip-speed  carpressor  at  several I 
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engine  operating  conditiona  were  investigated (ref. 1). Studies  were 
d e  to  determine  the  turbine  velocity diagrams for the  turbine  re- 
quirements  imposed  by  engine  operation  with conskt exhaust-nozzle 
area (W) and  engine .-operatimat constant  design  rotative  speed 
(ref. 3). The  turbine  design  requirements  for  engine  operation  at con- 
stant design-rotative  speed  were  more  critical than those for engine 
operatfan  with  constant  exhaust-nozzle  area, and it was necessary  to 
incorporate a downstream  stator  behind a two-stage  turbine Fn order  to 
obtain  reasonable  velocity diagrams. These  velocity diagram8 had high- 
er Mach numbers,  greater  turning within blade  rows, and lower  static- 
pressure drops across  same  of  the blade rows than those  used  in con- 
ventional  turbine  designs.  Less  critical  turbine  aeroa;ynamic  designs 
could, of course, have been  obtained  with a three-stage  turbine or by 
increasing the design  rotative  speed, as discussed i n  reference 4. 

Although  the  two-stage  turbine  design  for  engine  operation  with 
canstast  exhaust-nozzle  =ea  and  the  two-stage  turbine  design  with a 
damstream  stator for engine  operation  at  constant  design  rotative  speed 
were  critical,  reasonably  good  turbine  performance  appeared  to  be  feas- 
ible. In order  to  obtain  the  perf'ormance of such a turbine  design,  the 
two-stage  turbine ui-th a downstream  stator was fabricded and investi- 
gated as a component with cold-air  turbine-inlet  conditions. The pur- 
pose of this  report, .then, is to (1) present  the  over-all  performance 
of this turbine and (2) evaluate the  downstream stator- in terms of tur- 
bine  over-all  performance. 

The  turbine was operated at a canstast m e t   t o w  (stagnation) 
pressure of 35 inches of mercury  absolute and an inlet  total  temperature 
of 70O0 R. Over-all  turbine p&?ormapce  cbamcteriatics  were  obtained 
over a range of pressure  ratios  and  speeds.  These  performance  results 
are presented in terma of .brake  internal  efficiency,  equivalent  -work 
outpt, equivalent-weight flow, and equivalent  rotor  speed. The ef- 
fectiveness of the &ownstream  stator.-  recovering  the energy of the 
second  rotor-exit  tangential  velocity  over a range of turbine  operating 
conditions  is  presented. Abrief description of the  Method wed to  de- 
sign the blade profiles i s  included. Also presented  herein are the 
c h M .  characteristics of the  turbfne  obtained  from the interstage 
static-predsure mGsuraents. 
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The following synibola are  used in this relpod: 

annular  area, s q  ft 

specific  heat  at  constant  pressure,  Btu/(lb)(%) 

enthalpy drop (based on measured  torque),  Btu/lb 
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gravitational  constant, 32.174 ft/sec2 

mechanical  equivalent of heat, 778 ft-lb/Btu 

rotational  speed, rpm 

static  pressure,  lb /sa ft 

total  pressure, lb/sq ft 

rating  total  pressure,  static  pressure  plus v e l d t  pressure 
correspmang to axid ccnnponent of velocity, a J q  ft 

gas constant, 53.4 ft-lb/(lb)(%) 

entropy 

sta.tic  temperature, 91 

total  teqperature, OR 

static  temperature plus velocity  temperature  corresponding  to 
axial component of velocity, OR 

velocLty,  ft/sec 

weight  flow,  Ib/sec 

weight-flow  parameter based on equivalent weight flaw and 
equivalent  rotor  speed 

ratio of specific  heats 

ratio  of  inlet-air  pressure  to NACA standard  sea-level  pressure, 
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brake  internal  efficiency,  ratio of actual  turbine work based 
on torque  meamrements  to ideal  turbine mrk 

%I- squared  ratio of critical  velocity to critical  velocity st NACA 

standard  sea-level  temperature of 518.7O R, 7% -6 

P static  density, lb fcu ft 

z torque, f t;;"lb 

Subscripts : 

e engine  aperating  conditions 

sl NACA standard  sea-level  conditions 

U tangential 

X axial 

Test  Installation 

The  experimental  setup of the turbine is ehown in f fgure 1. The 
&r  weight flow through t h e  turbine was measured by a submerged cali- 
brated A.S.M.E. flange-tap flat-plate  orifice.  After  metering, the air 
was throttled to the  desired turbine-Wet pressure of 35 inches of 
mercury  absolute. A portion of this-air was heated  by  two  commercial 
jet-engine burners and  reintroduced  into the main air stream.  The re- 
sulting  turbine-inlet  temperature  after mixing was maintained  at 700' R. 
The air weight flow through the  turbine was corrected for the fuel adU- 
t ion  by measuring  the fuel flow with rotameters: in the  fuel Use. The 
air flow divided and entered a plenu& chamber ( w h i c h  replaced  the normal 
canbustian-can assembly of an engine) through two openings 3-80' apart 
and at  right angles to the  turbine  shaft.  The air then  passed through a 
screen and into 10 transition  sections, each of whlch  suppLLed  air  to a 
segment of the  first-stage stator. The air  passed  through  the  turbine .. 
into the  tail  cone,  whence  it was discharged  into  the laborstory exhaust 
facilities. 

t 
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Two 5000-horsepower  cradled dymmmeters of the  eddy-current  wet- - gap type  were  connected in tandem  and  were  used to absorb the power out- 
put  of  the  turbine. The turbine  torque  output  was  measured  by means of 
821 NACA balanced-diaphrw thrust  meter.  The  turbine  rotative  speed 
vas measured  by  means of an  electric  chronometric  tachmeter, 

." " 

Instruilentation 
b4 + 
0 
co The  instrumentation  used  for  the  performance  evaluation of the 

turbine  and  damstream  stator was located at stations 0, 5, and 6, as 
shown in figure 2. The  turbine-inlet  conditions  at  station 0 were 
measured  by  means  of a canbination  probe  consisting of a shielded  total- 
pressure  tube  and a calibrated  spike-type  thermocouple,  and  two w a l l  
static-pressure  taps in each  of  the 10 transition  sections.  The  instru- 
mentation  installed in station 5 consisted of five  shielded total- 
pressure  probes  located  at  different  radii  correspondAng  to  the  area 
centers  of  five  equal-annulas areas and  of four wall  static-pressure  taps 
on both  the  inner  and  outer  shroud.  Total-pressure  probes  and wall 

were  installed in 8 similar manner at station 6 .  Four thermocouple 
rakes  were also installed at station 6. Each thermocouple  rake  con- 

temperatures  at 10 radial. positions at the mea centers of eqpal-annular 
areas  were  obtained  with  the four  ralses, Photographs of  the  instruments 
used  axe  shown in figure 3. At  stations 2 to 4, four w a l l  static- 
pressure  taps on both  the  Inner  and  outer shroud were  installed  (see  fig. 
2) , Two wall static-pressure  taps  were also Fnstalled in each transi- 
tion  section  at  station 1. At  stations 1 to 5 the w a l l  static-pressure 
taps  were  located midway circumferentiaUy  between  adjacent  stator 
blades.  The  total-pressure  probes  at  station 5 were installed in Uke 
mazlner . 

1 static  taps  (increased  to  eight on both  the  inner  and  outer s h r o u d )  

- sisted  of  five  spike-type  thermocouples  located such that  duplicate 

. .  . .  

Velocity  Diagrams 

The  design  velocity diagrams and  the  method used to select  them 
are  presented in reference 3. Ln calculating  the  design velocity dia- 
grams at  stations 2 to 5, a free-vortex  distribution of tangential ve- 
locity  and  simple  radial  equilibrium  were  assumed. Radial components 
of velocity were ignored in calculating the velocity  diagrams as well 
as in the  design  of  the  blade  profiles.  These  design  velocity diagrams 
are  reproduced frm reference 3 and presented in figure 4. 
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Turbine  Blade  Profile  Design 

NAGCI RM E55Hl6 

With  exception of the  damstream  stator,  the  blade  profiles  were 
designed  using a two-dimensional  quasi-channel-flow  theory and a strem- 
filament  technique  developed  in  reference 5. 

Three flow regions  were  examined  for  each  constant-radius  blade 
passage design. These  three  regions  consisted of (I) the section  be- 
tween the  passage  potential  line  where  the f low first  became6 fully con- 
tained  within  the  blade  passage  and  the  passage  potential  line  at  the 
throat of the  blades,. (2) the  portion of the blade  downstream of the 
throat, and (3) the  leading-edge  section of the  blade.  The  design  pro- 
cedure  consisted of mating  these  three flow regions  by  means of judicious 
selection or0 blade  profiles  until a r&so%ble  canpromise of the f low 
conditions was achieved.  The  passage  throat and blade  portion d m -  
stream  &.it  were  assumed  to  control  the exit flow angle. For the 
leading-edge  sections,  high-speed NACA series 65 airfoil  nose  sectione. 
were  used. In the channel  portion of the  blade  the  surface  velocities 
were calculated  using  the  stream-filament  technique -of reference 5. In 
the  channel  portion of the  blades  the maximum suction-surface Mach n u -  
ber and ratio of maximum suction-surface  velocity  to  exit  velocity  were 
1.08 and 1.37, respectively. 

The  design  blade  profiles  obtained in thie  manner  and  those of the 
downstream  stator are shown in figure 5. 

Downstream-Stator  Desigu 

The  variation in hu3, Mach number and flow angle at the entrance  to 
the  downstream  stator  between  engine take-off and cruise. caditions  is 
reported in reference 3. Eram take-off  to  cruise  the hub entrance Mach 
nlmiber increased f'rm 0.44 to 0.63 and  the  hub  entrance flow angle meas 
ured frm the axial direction  increased from 26O to 32O. Reference 6 
indicates  that an NACA series 65-(12)lO airfoil with a msxFmum m e a n -  
line  height 0.05515 of the  chord would efficiently  turn  the flow to 
&udal over t h i s  range of entrance Mach number and flow angle. This air- 
foil section was, therefore,  used  for  the  downstream  stator.  The  varia- 
tion in stagger of the airfoil with radius was determined  by the varia- 
tion Fn entrance flow angle with radius sham in figure 4. The  design 
angle of incidence  varied frcan -0.6' at  the hub to - 3 . 4 O  at  the  tip. 

Blade  Solidity  and  Aspect  Ratio 

References 7 and 8 were  used as a guide in  selecting  the  blade 
solidities of the  first two stators  and  the  ro+ors.  The  solidity of the 



t 
downstream s t a t o r  was obtained.frm  reference 6. The aspect  ratios were 
selected t o  give a good mechanical design for  the  turbine. m e  result- 
ing soliditiss.-and aspect  ratios based on axial chord were as follows: - 

3 

w 
4 
CD 
0 

First stator 
First rotor 
Second stator 
Second rotor 
Downstrh  stator 

Hub 

1.36 
1.68 
2.00 
2.09 
1.57 

MeaS 

1.24 
1.50 
1.71 
1.59 
1.14 

Turbine 

aspect 

The turbine was designed for the fo l lodng conditions: 

Turbine 

design conditians 
equivalent  design 
-bine 

conditions 

Work, Btu/lb 
Weight flow, lb/sec 
Rotative speed, r p m  
Inlet  temperature, 

32.25 
39.65 

2160  518.7 
248.3  29.92 

A schematic diagram of the  gemetry employed in the turbine desiga 
is shown in figure 2. Ln the design the turbine frontal area w a s  re- 
quired t o  be no larger than the canpressor frontal area. Because of 
t h i s  restriction on turbine  frontal area and the low design rotative 
speed, the  velocity diagrams were obtained by  keeping the t i p  diameter 
of the turbine  constant and obtaining Etll the area divergence through 
the turbine frm the inner wall. The kip diameter of the turbine wa8 
constant at 33.5 inches; the annular area increased through the turbine 
with the Fnner shroud having a cone half-angle of 27.6O. The hub-tip 
radius ratios at the exit of the first stator and last rotor were, re- 
spectively, 0.813 and 0.613. The hub-tip radius ra t io  at  the exit of 
the downstream stator w a s  0.539. The design work output of the turbine 
was sp l i t  67/33 between the first and  second stages,  respectively. 

4 
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"HODS AND PROCEDaRES 
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The  method  used  to  convert  turbine  test  conditians  to  equivalent s 
operating  conditions  based on NACA standard  sea-level  canditiona i s  given 
in  reference 9. The equivalent  work  output  and  brahe internal efficiency 
for  the  over-all  performance axe based on measured  torque  values. 

IC lo 

The  over-all  turbine  perf'ormance  rat-  (efficiency qo - see 
appendix) 'was based on the  calculated  exit  pressure P;,~, defined  as 
the  static  pressure  behind  the  downstream  etator  plus  the  velocity  pres- 
sure corresponding  to  the axial c.mpment of the  absolute  velocity. 
This calculated  value  of  turbine-exit  pressure  charges the turbine  for 
the  energy of the-tangential  cmgonent o f - a t  velocity. T h i s  pressure 
is  calculated f r c a n  the  energy  equation and continuity by wing the known 
Etnnulua area  at the measuring  station and measured values of weight flow, .. 
static  pressure, t o m  (stagnation).-gressre, and total  temperature. 
The  derivation of the  equation  to  calculate pi is  given in the appendix. 

n 

The  total-temperature and pressure  readings  at  stations 0, 5, and 6 
were  arithmetically  averaged  for a single  reading of temperature  and 
pressure  at  these  stations. In presenting  the  static-pressure  distribu- 
tion  through  the  turbine,  the  arithmetic  average of the  hub-wall  static- 
pressure  readings  were  used  for  stations 1 to 6. In calculating p ' 
and p i l x ,  the  wall  static-pressure  reedings at both  the  hub and t ip  were 
arithmetically  averaged  for a single  readfng. 

5 ,x 

The  indicated  temperature  readings  obtained  from  the spike-type 
thermocouple  probes  were  corrected  for Mach number  effects.  The indi- 
cated  pressure  readings  obtained frm the  shielded  total-pressure  probe6 
were  corrected  for  both Mach number and Reynolds number  effects. 

In addition  to the efficiency  used  to  rate  the  turbine,  three  other 
turbine  efficiencies  are  defined i n  the appendix. These  efficiencies 
are  useful  in  evaluating  the  downsfxeam-stator  performance in terms  of 
i t s  effect on over-all  turbine  performance.  The  difference  between the 
efficiencies qo-5 and qOm6 measures  the  effect on the  turbine per- 

formance of the  total-pressure loss across the domatream stator. The 
difference  between  the  efficiencies k-5 and qo-5,x is a measure of 
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the &zI1oullt of energy of the tangential  camponent of velocity leaving the 
last rotor  (entering  the  downstream stabr) and shows the  effect of t h i s  
energy on turbine  performance, S h i l a r l y ,  the dAff erence  between  the 
efficiencies qG6 and qo-6,x is a measure of the energy of the tan- 
gential  component of velocity lea*% the  downstrezm  stator ana its  ef- 
fect on turbine  performance.  The  difference  between  efficiencies qo-5 
and w-6 ,~  is a measure of t he  total effectiveness of the damstream 
stator. 

The effect on turbine performance of the downstream  stator can be 
determined  from  the  turbine  efficiency  ratings  defined in the  appendix 
and  discussed  previously.  Indirectly,  the  downstream-stator  performance 
can be  determined from the  difference of these  efficiencies,  but a more 
direct  measure of its  performance would  be desirable.  Accordingly, a 
recovery r a t a  is  defined in the appendix as follows: 

This recovery  factor  is the ratio of the  reduction in entropy  achieved 
by using the  downstream stator to the  entropy  increase  that w o u l d  have 
occurred  if all the  energy of the tangential velocity at the &t of 
the  last  rotor had been  lost.  Since an entropy  increase  represents a 
loss,  t h i s  ratio  represents  the  effectiveness  of  the &ownstream stator 
in recovering  the  energy  of  the €angentid velocity at the exit of  the 
last  rotor  or  the  effectiveness of the  stator in preventing this energy 
frm representing a loss. This recovery  factor  can  never  exceed  unity 
(ccmplete  recovery)  but msy have a negative value if the  tota3"pressure 
loss  across  the damstream stator  becomes great enaugh. 

Over-All Performance 

The  over-all  performance of the  turbine  is  presented in figure 6 as 
a plot of equivalent work against  the flow parameter  (wN/60&)c for  con- 
stant values of equivalent  speed X/& and rating pressure  ratio 
pyp;,,. In addition,  contours of constant  brake  internal  efficiency 

q0-6,x are  shown. 

At  equivalent design work  and  speed, an efficiency of 0.81 was ob- 
tained  at a ratfng  pressure  ratio of approximately 3.8. A maximum effi- 
ciency of 0.85 occurred at 130 percent of equivalent  design  apeed and a 
work  output of 36.5 Btu per pound, corresponding  to a rating  pressure 
r a t i o  of approximately 4.4. 
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The  variation of equivalent  weight flow w i t h  rating  pressure  ratio 
fo r  the  equivalent  speeds  investigated  is shown in  figure 7. The  value 
for  equivalent  design  weight flow is  indicated on the  weight-flow  ordi- 
nate.  At  equivalent  design  speed and the  rating  pressure  ratio (3.8) 
corresponding  to eq~valent design  work,  the  turbine  weight f l o w  was 98 
percent of the  equivalent design weight  flow. Qldking weight flow, in- 
dicated when the  curyes  have  zero  slope, w88 obtaimd above s rating 
pressure  ratio  of 3.4 for all speeds.  The  magnitude of the choking 
weight flair was the  same  for all speeds. This indicates that the  first 
stator  choked  prior  to any other blade  row  over  the  range of speede  in- 
vestigated and controlled  the  weight flow passed  by  the  turbine. 

The  variation of equivalent  torque with rating  pressure  ratio  for 
the  equivalent  speeds  investigated is shown Fn. figure 8. At the  higher 
epeeds and  pressure  ratios the slope of these  curves  is  zero. This 
could  result f'rm either  turbine UmltFng loading  or ChakFng in the 
downstream  stator or both.  Limiting loading (ref. 10) occurs  when an 
increase in pressure  ratio  across a blade  row  does not produce an in- 
creme in the  tangential lm&Lng or force. Ln a multistage  turbine, 
limiting loading for the entire turbine  occurs after the last rotor has 
choked and when a decrease in pressure  at  the &t of t h i s  blade row 
does  not  produce an increase in the  torque  output.  The  choking  charac- 
teristics of the  turbine at 90, 100, and 130 percent of eqpivalent  de- 
sign  speed will be dhcussed subsequentJy in de-l and-integrated with 
the  Umiting-loading  question.  These  speeds  were  considered b e m e  
they  cover the range of speeds over w h i d h .  the  torque  curves  obtained a 
zero  slope. 

Choking Characteristics 

Choking in a blade  row, or downstream of the.bMe row, is indi- 
cated  when  the  static  pressure ahead of the blade row remains constant 
w i t h  increasing  rating press- ratio  p$p~,~. Choking in a given 
blade  row rather than same  point  downstream of the blade  row  occurs t€' 
the  static  pressure  ahead of the blade row  becomes  conetaut  while  those 
dawnstream  continue  to fall. The  static-pressure  distributions  at  the 
hub of the  blades  &gainst  rating  pressure  ratio p;/p;,, for 90, 100, 
and 136 percent of equivalent  design  speed  are shown i n  figures 9(a), 
(b),  and  (c),  respectively. The static  pressure  at  each  station has 
been  divided by the  inlet  total  pressure in order to eJ3mdnat.e  the  ef- 
fect of the smell fluctuations In inlet total pressure  encountered while 
testing the turbine.  The  data. shown in  figure 9 indicates for all three 
speeds  thELt,  excepting the downstream stator,  the blade rows chok 
successively  starting  with  the  first  stator 88 the rating  pressure  ratio 
increases.  The  change  in  slope  from  negative  to  zero  at  station 1, in- 
dicating  the  first  stator chokes, is  not  very  pronounced. The decrease 

P 
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in flow area between the entr8nce of the first stator and i t s  throat i s  
large. Consequently, the Mach mruber and static-pressure  variation st 
the  entrance t o  the stator is all, making this static-pressure varia- 
tion a poor criterion of chokhg in this blade row. However, the 
weight-flow curves of figure 7 show, as mentioned prevtausly, that the 
first stator definitely chokes first at these speeds. 

A t  90 percent of equivalent design speed (fig. 9(&)) the s ta t ic  
pressures at station 5, ahead of the downstream stator, decreased over 
the whole range of rating pressure ratio pypAlx. The downstream 

s ta tor ,  therefore, does not choke at t h i s  speed. Since the damstrean 
s t a t o r  did not choke, the  torque curve for  t h i s  speed in figure 8 ob- 

,tained a z e r o  slope because the  turbine reached Ilmiting loadlng. The 
sane conditions  prevailed st 100 and 130 percent of equivalent  design 

2 co 
0 

% 
pl speed (figs . 9(b) and (c) , respectively) 
P x u Downstream-Stator  Performance - The effect of the downstream-stator performance on the 0 v e r - a  

turbine performance is  shown in figure 10, where the efficiencies de- 
fined in the appendix are shown against the equivalent shaft work f o r  
speeds from 70 t o  130 percent of equivalent  design speed. The eff i -  
ciency 90-5 rates the turbine on the basis of the measured t o w  p e s -  
sure ahead of the stator, which includes the total velocity head. =- 
ficiency q0-5,~ shows the  effect on turbine performance  of charm 
the  turbine with the   enere  of the tangential  velocity ahead of the 
stator .  Efficiency 90-6 shows the effect of the  total-pressure loss 
across  the  stator, while efficiency 7 0 - 6 , ~  shows the additimal effect 
of charging the turbine with the energy of the tangential velock-& at  
the exit of the stator. The difference between efficiency ~ 4 , ~ ~  and 
the  efficiency used t o  rate the turbtne w-6,~ shows the t o M  effect 
of the s t a t o r  on turbine performance. 

1 

A t  equivalent  design work and speed (fig. lO(d)), the  stator re- 
covery was good. The drap i n  turbine  efficiency due t o  total-pressure 
loss across  the stator amounted t o  0.006, and the stator-exit tangential- 
velocity e n e r ~ y  represented another drop of 0.005. The total drop in 
turbine  efficiencies, O . O U ,  is s m a l l  in canparison with the  potential 
drop, 0.048, that would result if none of the  kinetic energy of the 
second rotor-extt  tangential  velocity were recovered. 

The shaded area between efficiencies k,, and qo,6,x, showing 

the drop Fn turbine  efficiency due t o  the tangential velocity of the gas 
leaving the stator, was a n d l  over the range of conditions shown. Tbis 
indicates that the  stator left very l i t t l e  tangential-velocity energy 
i n  the g a s  at any of these operating conditions. 

I .. 
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The  total  drop in turbine  @ficienc;y  fram ‘10-5 to qo-6,x W3S 

amall over a broad  range of work  output  at low speeds.  However, as the 
speed  Increased,  the  range of‘ work  output  over w b l c h  the stator-per- 
formed well wa;s limited  and  moved to higher work  outputs. The poor- 
stator  performance art the  higher  speeds  and low work outputs was prob- 
ably the result  of  large  negative  angles of attack on the  stator. A t  
high work  output, the poor  stator perfomace probably  resulted from 
high inlet Mach nmibers. In both  instances, the Large drop in turbine 
efficiency  resulted  from  total-pressure loss across  the  stator and not 
as a result  of  large tan@;ent.i&l conpments  of  velocity  at  the  stator 
exit. 

A recovery  factor for the stator which measures  the  effectivreness 
of the  downstream stator in  recovering the tangential-velocity  energy 
entering  the  stator  is  deflned  in the appendix. This recovery  factor 
m n s t  the equivalent shaft work  for  speeds frm 70 to 130 perceneof 
equivalent  design  speed  is shown in figure ll. T h i s  recovery  factor 
can never exceed unity (full recovery)  but  does  have a negative  value 
when  the  total-pressure loss across the  stator  becames  great enough. 

At  equivalent  design work and  speed  (fig. U ( d )  1, the  stator  re- 
covery was 0.78, w h i c h  for  practical purposes is the  amount of entrance 
tangential-velocity  energy  recovered, 

The  stator  recovery  patterns  follow the effects  noted in figure 10 
of stator  performance on turbfne  efficiency. F’ram figure l.l it  is seen 
that good recovery over a broad  range of work  output was obtained at 
low speed, with the  range & work ou-t over which the stator has good 
recovery decreasing and m o v i n g  to  higher  work outputs as the speed 
increases. 

The 0ver-U turbine  efficiency ~ 0 - 6 , ~  at  equivalent design work 
and speed was well below  the  value  anticipated in the design of the tur- 
bine, The low efficiency  obtained  does not necessarily  preclude  the 
possibility  that  good  turbine  efficiency  could  be  obtained  with  sane 
other  turbine  design.  Perhaps  higher  turbine  efficiency  could  be  ob- 
tained if a turbine  were  designed  accounting for the  three dimensional- 
ity of the flow, as in reference II, and with closer  control of the 
blade l o w ,  as in reference 12. It does appear, however, that the 
blade  design  procedure  used  for  the  turbine  herein was inadequate f o r  
a turbine  wfth  such  critical  aerodynamic  llmits. 

The  downstream-stator  performance was, in general, very good. 
Near-axial  discharge was obtained  over a wide  operating  range;  and, when 
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I 

properly matched t o  the rotor-discharge Mach nrmiber and flow angle, ex- 
cellent recovery of the energy of the  tangential  velocity  leaving  the 
last ro tor  was obtaLned. 

c 

From an experimental investigation of‘ a high-work-output, low- 
2 blade-speed, two-stage turbine wfth  a downstream stator ,  operated over 
0 a range of equivalent speed and total-pressure r a t i o  a t  inlet conditions a 

of 35 inches of mercury absolute and 70O0 R, the following results were 
obtained: 

1. A t  equivalent  design speed asd work, the  turbine passed 0.98 of 
the  equivalent deslgn weight flow. The brake internal  efficiency a t  
t h i s  point was 0.81 a d  occurred at a rating  pressure  ratio of 3.8. 

2. A maximum efficiency of 0.85 occurred at 130 percent of eqpiva- 
lent design speed and a work output of 36.5  Btu per pound, comespanding 
t o  a rating  pressure  ratio of approximately 4.4. . 

3. A t  90 percent of equivalent design speed and above, the blade 
- rows, with the exception of the downstream stator, choked successively 

start ing wfth the first s t a t o r  as the over-dl  pressure r a t i o  was 
increased. 

4. Turbine limiting  loading was observed for  speeds from 90 to 130 
percent of equivalent  design speed. 

5. The  downstream s k t o r  l e f t  ve?iy l i t t l e  energy i n  the-form of‘ 
tangential  velocity in the gas at any operating  condition, 

6. Recovery of the energy of the  tangential  velocity at the  entrance 
t o  the downstream stator was good over a broad mnge of work output  near 
70 percent of equivalent  design speed. With increasiing rotative speed, 
the best recovery was reached over a very limited range of work output. 
Ln general, the  best recovery for the  stator m m d  to a higher work out- 
put  with &TI increase in ro ta t ive  speed. 

7. A t  equivalent  design work and speed, the downstream stator re- 
covered 0.78 of the energy of the  tangential  velocity  entering the 
stator. The energy of this tangential  velocity amounted t o  4.8 points 
in turbine  efficiency. . _. 

., 

* 
Lewis Flight Propulsion  Laboratory 

National Advisory Canrmittee f o r  Aeronautics . .. 
,..I 

c Cleveland, Ohio, August 17, 1955 
. ,  .. 
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APPEXDIX - DERIVATION aF TOTAL-PREB;, ~CIENCY, AND 
D O W " - S P A T O R  RECOvHiy E W I O N 3  

T o t a l  Pressure 

The one-Climensfcrllal  equation f o r  calculating  the  total  pressure 
p; based on the axial component of velocity  at the exit of a blade row 
can be derived form EL ccnnbination of the following equations: 

Based on equations (1) to (51, the following equatim for the axial 
t o t a l  pressure can be  obtained: 

r r-1' 
t k 

The t o t a l  pressure p& at  the  exit of a blade  row can 'be calculated 
frcmt equation (6) frm the known values of w, A, p, p', and T' . The 
kinetic energy contdned in the  exit  tangential-velocity  component is 
considered a loss when the  turbine  efficiency is based on the exit total 
pressure p& 

" 
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Efficiency  Ratings 

L5 

w 

For  the  purpose of evaluating  the  performance  of  the  turbine and 
downstream  stator, four W e r e n t  efficiencies were cd-ted. The 
expansion  process  upon mch the four definitions of efficiency are 
based  is  depicted in the  tanperatme-entropy diagram of figure 12. The 
four  efficiencies  calculated  for  the  turbine  are as follows: 

'10-5,x 
c (Tb - T;) E 

- Y-1 

c P O  T'[l - (%) '1 

where c (TI - Ti) and c (TI - Ti) are calculated fram the weight-flow, 
rotative-speed, and torque  measurements. 

P O  P O  

Downstream-Stator  Recovery  Factor ' 
The  downstream-stator  recovery  factor was determined in the f o l l o w -  

ing manner: An entropy  increase AS5-5,x (fig. 12) would occur if none 
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of the energy of the tangential  velocity  at  the  exit of the second  rotor 
<,u/2gJ were  recovered. If a downstream  stator were employed,  the 
entropy  increase would be & i 5 6 , x .  (The stator is W g e d  with the 
entropy  increase  due  to the energy of the tangential  velocity  at the 
exit of the  stator Vg d2@. ) The  difference  between  the  entropy 
Increases AS5-5,x - AS5-6,x represents tb~= reductions Lentropy 
gained by using  the  stator. The ratio  then of this  entropy  decrease 
AS5-5,x - f%5-6,x to the entropy increase AB5-5,x that  would  have 
occurred if all the  energy of V2 /2gJ  had been lost  is a measure of 
the  total  effectiveness o f t h e  stator ~n preventing the energy V' /2g~ 
from representing a loss. For all practical  purposes  the  ratio a l s o  
represents  the  amount of this enera recovered by the  stator.  The  ratio 
then that w a s  used to represent  the  effectiveness of t h e  stator is: 

9 

5 ,u  

5,u 

-5-5,x - m5-6,x Recovery  factor = 
m5-5,x 

This ratio,  representing  the  effectiveness of the  atator,  can never ex- 
ceed  unity  (cmplete  recovery)  but may have a negative  value  if  the 
total-pressure loss across  the stator becomes  great enough. 

The  recovery  factor was calculated frm the measured p' and cal- 
culated pi at  stations 5 and 6 .  The derivation of the  equation  used 
for t h i s  purpose is as follows: W i t h  the total  temperature  canstant, 
the entropy increases  can  be  written: 

and 

-nl  

If equations (12) and (13) are  substituted into the 
equation (U) presents  the  recovery  factor i n  tern 
total  pressures p' and  calculated  total  pressures 

Recovery  factor = In 

recovery  factor, 
of  the  measured 
Pi= mu, 

.. 
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Figure 1. - Installation of turbine in full-scale turbine component 
tes t   faci l i ty .  
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Btation 0 1 2  3 4  5 6 

Station 0 1 2 

T o t a l  preSsUr0 

"" Total temperature 

Static preseure 

Figure 2. - Schematic diagram of turbine ahoning instrumentation. 
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(b) Total-pressure probe. 

FLgure 3. - Typical  total-temperature rake and total-pressure probe. 
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(b) Second stage. 

Figure 5. - Design blade and channel shapee f o r  two-stage turbine w i t h  
downstream stator .  



I 
He1ght-flow parameter. & c 

Figure 8. - Over-all psriormuroe of turbine. Turbine-inlet pressure, 35 inches of mcrouq abnolute; 
turblna-inlet twperahw, 7D0° R .  
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Figure 7.  - Variation or aquivaleut waight rlw with rating pressure ratio  for valuea or oanntant equivalent rotor epesd. 
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percent aSsLg.1 

1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.Q 4.4 4.8 5.2 5.8 8 ,  
Over-all rat- total-preasure  ratio, p d / ~ h , ~  

Flgure 8.  - Variation of equivalent torque with ratlap pressure ratio f o r  values or ooastsnt 
equivalent  rotor speed. 
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Equivalent shaf't work, E/Bc, 

(a) Equivalent speed, 70 p-qcent design. 

Figure 10. - Eefect of turbine weed and work output on 
damstream-etator performance. 
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Equivalent ahaft work, E/ecr 

(b)  Equivalent speed, 80 percent design. 

Figure 10. - Continued. Effect of turbine speed and work output on 
downstream-stator  performsnce. 

31 
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Equivalent shaf't work, E/Bc, 

(c) Equivalent  speed, 90 percent  design. 

Figure Lo. - continued, Effect of turbine weed and work output on 
dom-brt;ream-etator perfonnance. 
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Figure 10. - Continued. meet of turbine speed and work output on dometream-stator 
geriormsnce.. 
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I 
Quimlent shaft work, E/B,, 

(a) Equivalent speed, uo percent design. 

Figure 10. - Continued. Effect of turbine speed and work output on downstream-stator 
performence . 
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Quivalent sBaft work, E/8,, 

(f) Equivalent speed, EO percent design. 

Figure 10. - Continued. Effect of turbine speed and work output on dannstream-stator 
performance. 
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(a) Equivalent speed, 70 percent design. 

Figure ll. - Downstream-stator  recovery of tangential- 
velocity  energy. 
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(b)  Equivalent  speed, 80 percent design. 

Figure U. - Continued. m t r e a m - e t a t o r  recovery of tangential-velocity 
energy. 
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(c) Equivalent speed, 90 

Figure ll. - Continued. Downstream-stator 
energy. 

percent design. 

recovery of. tangential-velocity 
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Equivalent shaft work, E/ecr. 

(d) Equivalent speed, 100 percent design. 

. .  

Figure 11. - Continued. . Downstream-atator recovery of tangentlal- b 

vel ocl ty energy. 
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(f) Equivalent  epeed, 120 percent  design 

Figure 11. - Continued. Downstream-stator recovery of tangential- 
veLoclty  energy. 
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(g) Equivalent speed, 130 percent design. 

Figure 11. - Concluded. Downstream-stator recovery of tangential- 
velocity energy. 
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Figure 12. - Temperature-entropy diagram used to define efficiency  ratinge 
and downstream-stator  recovery rating. 
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